Introduction {#s1}
============

Anxiety and aggressiveness are essential traits to optimally cope with environmental challenges and trigger adaptive responses. However, in their exaggerated form, i.e., if anxiety-like and aggressive behavior occur out of context and control, they are often associated with psychopathologies like generalized anxiety disorders, phobias, depression and antisocial personality disorder (Gross and Hen, [@B31]; Haller and Kruk, [@B33]).

Both anxiety and aggressiveness can be shaped by environmental and genetic factors (Kendler, [@B53]; Hovatta and Barlow, [@B41]; Anholt and Mackay, [@B1]; Provençal et al., [@B77]). Concerning the environment, adverse experiences especially during early phases in life have been studied extensively. Regarding anxiety, mainly anxiogenic effects have been found; i.e., childhood maltreatment leads to an increase in anxiety disorders and heightened depression risk in humans (Kaufman et al., [@B52]; Hovens et al., [@B42]) while in rodents low levels of maternal care are frequently associated with higher levels of anxiety-like behavior (Caldji et al., [@B13]; Francis, [@B27]; Calatayud et al., [@B12]; Carola et al., [@B16]; Wei et al., [@B92]; Ishikawa et al., [@B45]). Considering the effect of environmental factors during early phases in life on aggressiveness, childhood adversity frequently leads to higher expression of aggressive behavior in later life (Carver et al., [@B18]; Haller et al., [@B32]; Provençal et al., [@B77]). Similar results are found in rodents; i.e., rats that experienced maternal separation show increased levels of aggressiveness in adulthood (Veenema et al., [@B91]). Over the last few years, adolescence emerged as another possible sensitive period in which the behavior of an individual can be shaped (Spear, [@B85]; Sachser et al., [@B81], [@B82]). Adolescence is marked as the gradual transition from childhood to adulthood and comprises the time around puberty (sexual maturation), but is not limited to it (Spear, [@B85]). There are some indications that also anxiety and aggressiveness can be modulated in this period. For example, adverse life events during adolescence lead to higher levels of anxiety in humans (Tsoory et al., [@B90]) and mice (Chaby et al., [@B20]). Moreover, the social experiences during this life phase, for instance social instability or social subjugation, alter aggressive behavior in a number of rodent species (Wommack et al., [@B94]; Cumming et al., [@B24]; Hennessy et al., [@B37]).

Concerning genetic factors, especially genes influencing serotonergic (5-HT) neurotransmission have been shown to affect anxiety and aggressiveness (Lesch and Merschdorf, [@B62]; Caramaschi et al., [@B15]; Audero et al., [@B4]; Olivier, [@B72]). In particular, the serotonin transporter (5-HTT) is a crucial regulator of the duration of the serotonergic response by removing serotonin from the synaptic cleft. In human and non-human primates 5-HTT expression and function is influenced by a variation on the 5-HTT-linked polymorphic region (5-HTTLPR) and is reported to influence aggression as well as anxiety (Lesch et al., [@B61]; Ferrari et al., [@B26]; Frankle et al., [@B28]; Canli and Lesch, [@B14]; Coccaro et al., [@B23]). The short 5-HTTPLR variant is associated with a lower transcriptional activity leading to a reduced 5-HTT production (Canli and Lesch, [@B14]). Carriers of one or two copies of the short 5-HTTLPR variant have higher scores of neuroticism, a trait related to anxiety and depression (Canli and Lesch, [@B14]). Also, gene-by-environment interactions have been reported, showing that individuals with two copies of the short variant have an increased risk of developing depression after experiencing stressful life-events (Caspi et al., [@B19]; Reif et al., [@B78]; Sugden et al., [@B86]; Karg et al., [@B51]). To investigate the effects of varying levels of the 5-HTT in rodents, a 5-HTT knockout mouse model with a targeted disruption of the 5-HTT gene was developed. Similar to findings in humans and primates, total and partial inactivation of the gene is related to increased levels of anxiety-like behavior (Holmes et al., [@B39]; Carroll et al., [@B17]; Heiming and Sachser, [@B36]; Araragi and Lesch, [@B3]) and a decrease in aggressiveness (Holmes et al., [@B38]; Lewejohann et al., [@B63]; Jansen et al., [@B46]; Heiming et al., [@B35]; but see Kloke et al., [@B56]).

The aim of the present study was to investigate how serotonin transporter genotype and social experiences during adolescence affect anxiety-like and aggressive behavior in male mice. For this purpose, male 5-HTT knockout mice and their wildtype counterparts experienced either social adversity or beneficial conditions throughout adolescence and afterwards were tested for anxiety-like and aggressive behavior in a battery of standard behavioral tests. We hypothesized that animals that experienced adversity differ in their levels of anxiety-like behavior (i) and aggressiveness (ii) compared to animals that experienced beneficial conditions. Concerning effects of genotype, we hypothesized that mice with lower levels of the serotonin transporter show higher levels of anxiety-like behavior (iii) and lower levels of aggressiveness (iv).

Methods {#s2}
=======

Animals and housing conditions
------------------------------

The present study was performed with male heterozygous (+∕−) and homozygous (−∕−) serotonin transporter (5-HTT) knockout mice as well as their wildtype (+∕+) littermates (Bengel et al., [@B7]). They originated from our local breeding stock (Department of Behavioral Biology, University of Münster, Germany) consisting of heterozygous breeding pairs; the original stock was contributed by the Department of Molecular Psychiatry, University of Würzburg, Germany. Mice were genotyped by extracting genomic DNA from ear tissue and amplifying it by PCR. Genotypes were identified via agarose gel electrophoresis of DNA fragments of either 225 bp (5-HTT +∕+), 272 bp (5-HTT −∕−), or both (5-HTT+∕−).

Litters were not culled. Litter sizes varied from 3 to 12 offspring. With one exception only mixed-sex litters were used. Male mice were weaned on postnatal day (PND) 21 ± 1 and housed in same-sex but mixed-genotype groups of two to five siblings until the start of the experiment. Both, breeding pairs and same-sex groups were housed in standard Macrolon cages type III (37 cm × 21 cm × 15 cm) equipped with sawdust (Allspan, Höveler, Langenfeld, Germany) as bedding material, a paper towel as nesting material and structural enrichment (plastic housing and wooden scaffolding or stick). Water and food (1324, Altromin GmbH, Lage, Germany) were provided *ad libitum*. Housing rooms were maintained at a 12 h dark/light cycle, a temperature of 22 ± 2°C and a relative air humidity of 50 ± 10%. In total 78 mice (26 5-HTT +∕+, 27 5-HTT +∕−, 25 5-HTT −∕−) were used for behavioral and endocrine investigations. Deviations from sample sizes are due to technical reasons and the exact sample sizes are given in the Results section.

All procedures complied with the regulations covering animal experimentation within the EU (European Communities Council DIRECTIVE 2010/63/EU). They were conducted in accordance with the institution\'s animal care and use guidelines and approved by the national and local authorities (LANUV-NRW; reference number: 84-02.05.20.12.099).

Experimental design
-------------------

The aim of the present study was to investigate how either a beneficial environment or escapable social adversity that male 5-HTT +∕+, 5-HTT +∕− and 5-HTT −∕− mice experience during adolescence affect their anxiety-like behavior and aggressiveness. For this purpose, two different environments were created that are described in more detail below. Additionally, endocrinological parameters (plasma corticosterone and testosterone, adrenal tyrosine hydroxylase) were assessed. A timeline of the experiment is shown in Figure [1](#F1){ref-type="fig"}.

![**Timeline of experimental design**. After weaning at postnatal day (PND) 21, experimental animals lived in brother groups. Starting on PND 29 ± 3, experimental mice either experienced an escapable adverse or a beneficial environment. To assess anxiety-like behavior, the Elevated Plus Maze test (EPM), Dark-Light test (DL), and Open Field test (OF) were conducted. After the OF, the animals were housed singly. On PND 65 ± 3 the Free Exploration test (FE) was performed and on PND 70 ± 3 aggressiveness was determined in a Resident Intruder test (RI). Trunk blood was collected to investigate plasma corticosterone and testosterone levels and adrenal glands (AG) were dissected to determine tyrosine hydroxylase activity.](fnbeh-10-00097-g0001){#F1}

### Creating different social experiences

Two experimental groups were established, based on the social experience during adolescence: While one group experienced an escapable adverse social environment (AE), the other group experienced a beneficial social environment (BE) (PND 29 ± 3 − 62 ± 3). AE animals experienced repeated aggression from which they could escape by crossing a water basin, while BE animals had free access to a female mating partner. For this purpose, animals were housed in a custom-made cage system (first described in Lewejohann et al., [@B63]), which consisted of a standard Macrolon cage type III ("Interaction cage") that was connected to a Macrolon cage type II (22 cm × 16 cm × 14 cm, "Refuge cage") via plastic tubes (Ø 3.5 cm) and a water pool (modified Macrolon cage type II; Figure [2](#F2){ref-type="fig"}). Both housing cages were filled with sawdust as bedding material and provided with a paper towel as nesting material. The tubes could be sealed by inserting a PVC plate into an incision in the middle of the plastic tube. The basin was filled with water to a height of approximately 2.0--2.5 cm and equipped with a wire mesh grid on the ground. Mice would not voluntarily cross the water basin, but if attacked by a dominant animal, they would use it to escape.

![**Schematic overview of custom made cage system**. The **"**Interaction cage" **(A)** is connected to the "Refuge cage" **(C)** via a water pool **(B)**. Cages are connected with plastic tubes that can be sealed by inserting a PVC plate into an incision. The "Interaction cage" and "Refuge cage" are filled with sawdust; food and water is provided *ad libitum*. The water basin is filled to a height of 2 -- 2.5 cm.](fnbeh-10-00097-g0002){#F2}

### Habituation

Twelve hours before the individual animals were transferred to the different environments, they were housed in the cage systems in their sibling groups to familiarize with the cage system; during this time the bottom of the water-basin was only slightly moist and the tunnel leading to the smaller cage was baited with oat-flakes.

### Adverse social experience (AE)

In the interaction cage, an established couple was housed, consisting of a female mouse from the NMRI strain and a male mouse from the CD-1 strain \[both strains obtained from Harlan Laboratories (Venray, The Netherlands)\]. The CD-1 strain was chosen to ensure that the 5-HTT mice encounter a larger and dominant opponent because CD-1 mice are generally heavier than 5-HTT mice. To avoid a bias that might have been caused by female choice for a mate of the same strain, a female from another strain (NMRI) was chosen. On PND 29 ± 3 the experimental animal was introduced to the "Interaction cage" for the first time. Sessions lasted 3.5 h or until the animals crossed the water basin. If escalated aggression (see Table [1](#T1){ref-type="table"}) occurred, the session was terminated prematurely by moving the experimental animal to the refuge cage. After the sessions the connection tubes were sealed with a PVC plate. This procedure was repeated 5 days a week during the first 3 h of the light phase.

###### 

**Definition of different behaviors in the Resident Intruder test**.

  **Behavior**                   **Definition**                                                                                                                                                                                                                                                                                  **Measure**
  ------------------------------ ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------
  **SOCIAL INTEREST BEHAVIOR**                                                                                                                                                                                                                                                                                                   
  Approach                       Directed movement toward the other mouse at a walking or running pace until the distance between both mice is at most one body length.                                                                                                                                                          Number
  Nasal sniffing                 The mouse contacts the nasal region of a conspecific with the twitching tip of its snout.                                                                                                                                                                                                       Duration
  Anogenital sniffing            The mouse contacts the anogenital region of a conspecific with the twitching tip of its snout.                                                                                                                                                                                                  Duration
  Following                      The mouse runs after the other mouse, while the head of the following mouse is directed at the backside of the other individual. The maximum distance between the animals is one body length. After stopping forward motion for at least 3 s, additional following is considered a new event.   Duration
  **AGONISTIC BEHAVIOR**                                                                                                                                                                                                                                                                                                         
  Attack                         A mouse contacts the body of the other mouse with its mouth, making that mouse react with winced movements of single extremities, the tail, or the whole body. Attacks are single countable events of low intensity.                                                                            Number
  Attack latency                 Time that elapses until attacking is performed for the first time by the focal animal. If no attacking occurs, the latency is set to the maximal testing time of 10 min.                                                                                                                        Duration
  Sustained attack               A series of attacks with rushing and leaping of the other mouse. As the behavior is of higher intensity than the attack itself, single attacks are not discriminable.                                                                                                                           Number
  Escalated fighting             Physical struggle between two mice, initiated by an attack and usually involving further attacks, kicking, wrestling, and rolling in the bedding.                                                                                                                                               Number
  Chasing                        'Following' subsequent to an agonistic interaction (attacking, sustained attacking, or escalated fighting).                                                                                                                                                                                     Duration

*For description of behavior patterns see also (Marashi et al., [@B66], [@B67]; Jansen et al., [@B47], [@B46]; Kloke et al., [@B56])*.

### Beneficial social experience (BE)

A female mouse from the NMRI strain was housed in the main cage and the focal animal was introduced for the first time on PND 29 ± 3. To resemble the handling of the AE condition, BE mice were taken out and re-introduced to the main cage 5 days per week in the first 3 h of the light period and connection tubes were opened. After the session ended, the focal animal stayed with the female and connection tubes were sealed again. All experimental animals were weighed weekly.

Behavioral testing
------------------

To test state anxiety \[i.e., the anxiety experienced at a certain moment that can be augmented by anxiogenic stimuli (Lister, [@B65]; Griebel et al., [@B30])\] of all experimental animals, the Elevated Plus Maze test (EPM; PND 58 ± 3), Dark-Light test (DL; PND 61 ± 3), and Open Field test (OF; PND 62 ± 3) were performed while the animals were still housed in the cage-system. The tests were always conducted in the same order and at equal between-test intervals. The animals were tested in the first 5 h of the light period and at least 45 min after the successful escape from the main cage. In order to test for trait anxiety \[i.e., the general tendency to display anxious behavior without the presence of a threat (Griebel et al., [@B30])\] in the Free Exploration test (FE; PND 65 ± 3), the animals were housed singly for 3 days (in a modified Macrolon cage type III that was equipped with a sliding door on one of the short sides). In contrast to the EPM, DL, and OF, where the animals are exposed to the different apparatuses, they can freely choose to explore an unknown arena in the FE (Griebel et al., [@B30]).

### Elevated plus maze test

The EPM consisted of a gray plastic apparatus with four arms set in a cross from a central square (5 cm × 5 cm). Two opposing arms were delimited by vertical walls (20 cm high) (closed arms), whereas the other two arms were surrounded by a small border (5 mm) to prevent the mice from falling off (open arms). The maze was elevated 50 cm from the ground and illumination level was 150 lx in the central square. After spending 1 min in an empty Macrolon cage type II, each mouse was placed in the central zone, always facing toward the same closed arm, and was allowed to investigate the EPM for 5 min. The mouse was tracked using the program ANY-maze (Stoelting, IL, USA). Relative entries into open arms (open arm entries divided by sum of open and closed arm entries), relative time spent on open arms (time on open arms divided by time on open and closed arms), distance on open arms and total distance traveled were measured.

### Dark-light test

The DL test apparatus consisted of a modified Macrolon cage type III, which was divided into two compartments by a gray PVC plate. The dark compartment comprised one third of the cage, was painted black and could be covered with a dark lid. The light compartment consisted of two thirds of the cage with transparent walls, and was illuminated from above (570 lx). The two compartments were connected via a small sliding door (4 cm × 10 cm) inserted in the PVC plate. Each mouse was placed inside the dark compartment with lid and sliding door closed. The individual remained there for 1 min before the sliding door was opened and the mouse could freely explore the DL apparatus for 5 min. The mouse was tracked using the program ANY-maze. The parameters analyzed for each animal were the latency to enter the light compartment, the number of entries into the light compartment and the time spent in the light compartment.

### Open field test

The OF test apparatus was a white 80 cm × 80 cm x 40 cm arena surrounded by white walls that was illuminated by an overhead bulb (600 lx). The center zone was defined as an area of 40 cm × 40 cm in the middle of the OF. After spending 1 min in a dark cylinder that was placed in one corner, the cylinder was lifted and the individual was allowed to freely explore the OF for 5 min. The mouse was tracked using the program ANY-maze. The parameters analyzed were the path length, the number of center entries and the time spent in the center zone.

### Free exploration test

The apparatus of the FE was a white 60 cm × 60 cm × 35 cm arena surrounded by white walls that was illuminated from the top (180 lx). An opening in one wall (11 cm × 15 cm) connected to the home cage of the animal via a Plexiglas tunnel. After spending 1 min in an empty Macrolon cage type II, the mice were placed back into their home cage and a sliding door was opened, allowing the individual to explore the FE arena for 15 min. The tests were recorded and analyzed using the software Optimas 6.5N (Media Cybernetics) and Tracking Analysis 1.1.1 (Lars Lewejohann, [www.phenotyping.com](http://www.phenotyping.com)). Latency to enter the arena, the entries and time in the arena and the total distance traveled in the arena were analyzed.

### Resident intruder paradigm (RI)

The focal animal stayed in its home cage and a male of the docile C3H strain (obtained from Harlan Laboratories (Venray, The Netherlands)) was introduced as an intruder. The encounter was recorded for 10 min; in one case the confrontation had to be stopped prematurely to prevent injury of the C3H (data were excluded from analysis). The behavior of the animals was recorded using the software Observer XT 8.0 (Noldus Information Technology, Wageningen, The Netherlands). The experimenter remained blind to the genotypes and the social experiences of the animals. For definitions of the recorded behaviors see Table [1](#T1){ref-type="table"}.

Analysis of endocrine parameters
--------------------------------

### Plasma corticosterone and testosterone levels

#### Blood sampling

Ten minutes after the RI (PND 70 ± 3), the animals were anesthetized using the inhalation anesthetic Isoflurane (Forene, Abbott GmbH, Wiesbaden, Germany). Once the mouse reached deep sedation it was decapitated and trunk blood was collected in heparinised capillaries within 3 min of catching the animal. After separation of cellular constitutions by centrifugation (5 min at 13.000 rpm), plasma was frozen at −20°C until analysis.

#### Hormone analysis

For the analysis of plasma corticosterone and testosterone concentrations, blood samples were analyzed using an established Demeditec Enzyme Immunoassay Kit (EIA, DE4164 and EIA, DES6622, Demeditec Diagnostics GmbH, Kiel, Germany, respectively). All standards, samples, and controls were run in duplicate concurrently. Intra- and inter-assay coefficients of variation were below 10 and 12%, respectively (see Jansen et al., [@B46]).

### Tyrosine hydroxylase activity

Adrenal glands were collected within 10 min of decapitation and fast frozen in a Tris-HCl buffer (pH 7.2) on dry ice. For analysis of the tyrosine hydroxylase (TH) activity, the adrenals were gently defrosted and homogenized in 150 μl 5 mM Tris--HCl buffer (pH 7.2). After centrifugation (14.000 rpm) for 30 min at 4°C, TH was determined in the supernatant by means of a radioenzymatic method according to the method of Nagatsu et al. ([@B71]) with slight modifications as described in Witte and Matthaei ([@B93]), see also Kaiser and Sachser ([@B49]) and Jansen et al. ([@B46]).

Statistical analysis
--------------------

Residuals were tested for normal distribution. When necessary, raw data were transformed using either square-root- or ln-transformation (Square-root: EPM: distance on open arm, OF: center time; Logarithmic: OF: latency to enter center, time in center, DL: time in light compartment, latency to enter light compartment). Data were analyzed using analysis of variance (ANOVA) with "environment" and "genotype" as fixed factors and followed by Tukey HSD post-hoc testing. In case of repeated measures (body weight), a repeated-measures ANOVA (RM ANOVA) was carried out. Because not all data of the RI could be transformed, all RI parameters were analyzed non-parametrically using Mann-Whitney U for social experience and Kruskal-Wallis for genotype \[in case of significance, pairwise comparisons between genotypes were subsequently performed using Mann--Whitney U test (Bonferroni corrected)\]. The same holds true for testosterone data. Data were analyzed using IBM SPSS Statistics for Windows, Version 22.0, released 2013. Graphs were created with SigmaPlot Version 12.5 (Build 12.5.0.83, Systat Software, Inc. 2011). Data are presented as bars with means and standard error of the mean (SEM) or box-plots with medians, 25--75% quartiles and 10--90% ranges. Differences of *p* ≤ 0.05 were considered significant, *p*-values ranging from \> 0.05 to \< 0.1 were regarded as trends.

Results {#s3}
=======

Effects of social experience and genotype on body weight gain
-------------------------------------------------------------

Univariate ANOVA detected that body weight did not differ significantly between AE and BE animals or between genotypes before the start of the experiment \[week 0: social experience: *F*~(1,\ 69)~ = 1.234, *p* = 0.271; genotype: *F*~(2,\ 69)~ = 0.847, *p* = 0.433\]. Repeated measures ANOVA revealed a main effect of time \[*F*~(2.926,\ 201.898)~ = 873.852, *p* \< 0.001; Greenhouse Geisser corrected; Figure [3](#F3){ref-type="fig"}\]. All groups gained weight over the course of the experiment. Moreover, a main effect of social experience was detected \[*F*~(1,\ 69)~ = 8.106, *p* = 0.006\] and an interaction between time and social experience was found \[*F*~(2.926,\ 201.898)~ = 11.661, *p* \< 0.001; Greenhouse Geisser corrected\]. AE mice were markedly lighter than BE mice \[week 1: *F*~(1,\ 69)~ = 14.775, *p* \< 0.001; week 2: *F*~(1,\ 69)~ = 17.572, *p* \< 0.001; week 3: *F*~(1,\ 69)~ = 12.617, *p* = 0.001; week 4: *F*~(1,\ 69)~ = 12.555, *p* = 0.001\]. Two days after the animals were housed singly, no differences between AE and BE mice were found anymore \[week 5: *F*~(1,\ 69)~ = 1.179, *p* = 0.281; week 6: *F*~(1,\ 69)~ = 0.170; *p* = 0.681\]. No main effect of genotype \[*F*~(2,\ 69)~ = 0.411, *p* = 0.655\] and no interaction between time and genotype were detected \[*F*~(5.852,\ 201.898)~ = 1.717, *p* = 0.120; Greenhouse Geisser corrected; week 1--week 6: *F*~(2,\ 69)~ = 0.363, *F*~(2,\ 69)~ = 0.831, *p* = 0.447; week 2; *p* = 0.440, *p* = 0.697\]. No interaction between social experience and genotype interaction was observed \[*F*~(2,\ 69)~ = 0.093, *p* = 0.912\].

![**Body weight (in gram) measured weekly of male heterozygous (+∕−) and homozygous (−∕−) 5-HTT knockout mice and their wildtype counterparts (+∕+) that experienced either an adverse (AE, closed symbols) or beneficial (BE, open symbols) environment during adolescence (AE: 5-HTT +∕+ n = 12, 5-HTT +∕− n = 13, 5-HTT −∕− n = 13; BE: 5-HTT +∕+ n = 13, 5-HTT +∕− n = 13, 5-HTT −∕− n = 11)**. Values are presented as group means ± SEM. Univariate ANOVA: Effect of environment: ^\#\#\#^ *p* ≤ 0.001. Different social experiences started in week 0 (dashed line) and lasted until week 4 (dashed line). Hereafter, animals were singly housed and no longer experienced different environments.](fnbeh-10-00097-g0003){#F3}

Effects of social experience and genotype on anxiety-like and exploratory behavior
----------------------------------------------------------------------------------

### Effects of social experience on anxiety-like and exploratory behavior

While there was no effect of social experience on measures of anxiety-like behavior in the EPM (Figure [4A](#F4){ref-type="fig"}; Table [2](#T2){ref-type="table"}), explorative locomotion measured as total distance traveled in the apparatus was significantly increased by adverse experiences \[*F*~(1,\ 72)~ = 10.966, *p* = 0.001\] (Table [2](#T2){ref-type="table"}). In the DL, there was a significant main effect of social experience, with animals from the adverse condition displaying significantly less anxiety-like and more exploratory behavior compared to animals that experienced beneficial conditions: AE animals had a shorter latency to enter the light compartment \[*F*~(1,\ 72)~ = 17.076, *p* \< 0.001; Figure [4B](#F4){ref-type="fig"}, Table [2](#T2){ref-type="table"}\], entered it more often \[*F*~(1,\ 72)~ = 12.824, *p* = 0.001\] and furthermore showed a trend to spend more time in it \[*F*~(1,\ 72)~ = 2.824, *p* = 0.097; Table [2](#T2){ref-type="table"}\]. There was a significant main effect of social experience on anxiety-like behavior in the OF. AE animals entered the center more often than BE mice \[*F*~(1,\ 72)~ = 4.979, *p* = 0.029\]. Besides, there was a trend that AE animals spent more time in the center zone than BE mice \[*F*~(1,\ 72)~ = 3.856, *p* = 0.053; Table [2](#T2){ref-type="table"}\]. Moreover, exploratory behavior, measured as total distance traveled in the OF, was significantly influenced by social experience \[*F*~(2,\ 72)~ = 9.815, *p* = 0.003\]. AE animals covered a greater distance compared to BE animals (Figure [4C](#F4){ref-type="fig"}, Table [2](#T2){ref-type="table"}). In the FE, social experience affected neither anxiety-like nor exploratory behavior measured by latency to enter the arena \[*F*~(1,\ 63)~ = 2.552; *p* = 0.155\], number of entries to the arena \[*F*~(1,\ 63)~ = 0.212; *p* = 0.647\], time spent in the arena \[*F*~(1,\ 63)~ \< 0.001; *p* = 0.990; Figure [4D](#F4){ref-type="fig"}\] and total distance traveled \[*F*~(1,\ 63)~ = 0.078; *p* = 0.781; Table [2](#T2){ref-type="table"}\].

![**Anxiety-like behavior of male heterozygous (+∕−) and homozygous 5-HTT knockout (−∕−) mice and their wildtype counterparts (+∕+) that experienced either an adverse or beneficial environment during adolescence. (A)** Relative time spent on the open arms in the EPM (AE: 5-HTT +∕+ n = 13, 5-HTT +∕− n = 14, 5-HTT −∕− n = 13; BE: 5-HTT +∕+ n = 13, 5-HTT +∕− n = 13, 5-HTT −∕− n = 12). **(B)** Latency (s) to enter the lit compartment in the DL (AE: 5-HTT +∕+ n = 12, 5-HTT +∕− n = 13, 5-HTT −∕− n = 13; BE: 5-HTT +∕+ n = 13, 5-HTT +∕− n = 13, 5-HTT −∕− n = 11). **(C)** Distance traveled (m) in the OF (AE: 5-HTT +∕+ n = 12, 5-HTT +∕− n = 13, 5-HTT −∕− n = 13; BE: 5-HTT +∕+ n = 13, 5-HTT +∕− n = 13, 5-HTT −∕− n = 11). **(D)** Time (s) spent in the arena of the FE (AE: 5-HTT +∕+ n = 12, 5-HTT +∕− n = 13, 5-HTT −∕− n = 13; BE: 5-HTT +∕+ n = 13, 5-HTT +∕− n = 13, 5-HTT −∕− n = 11). Values are presented as group means ± SEM. Effect of genotype: ^\*\*\*^*p* ≤ 0.001; effect of social experience: ^\#\#^*p* ≤ 0.01, ^\#\#\#^*p* ≤ 0.001.](fnbeh-10-00097-g0004){#F4}

###### 

**Group means ± SEM of anxiety-like behavior and exploratory locomotion of male heterozygous (+∕−) and homozygous (−∕−) 5-HTT knockout mice and their wildtype counterparts (+∕+) that experienced either an adverse (AE) or beneficial (BE) environment during adolescence**.

  **Anxiety-like behavior and exploratory locomotion Parameter**   **AE**           **BE**           **Effect of environment (E)**   **Effect of genotype (G)**   **G × E**                                                                                                               
  ---------------------------------------------------------------- ---------------- ---------------- ------------------------------- ---------------------------- ---------------- ---------------- ------------------------------------------ ------------------------------------------ ------------------------------------
  **ELEVATED PLUS MAZE**                                                                                                                                                                                                                                                                  
  Open arm entries (relative)                                      0.44 ± 0.04      0.42 ± 0.04      0.23 ± 0.04                     0.41 ± 0.03                  0.41 ± 0.05      0.35 ± 0.06      *F*~(1,\ 72)~ = 0.634; *p* = 0.429         ***F*~(2,\ 72)~ = 6.143; *p* = 0.003**     *F*~(2,\ 72)~ = 1.681; *p* = 0.193
  Time on open arms (relative)                                     0.35 ± 0.05      0.37 ± 0.05      0.11 ± 0.02                     0.29 ± 0.04                  0.29 ± 0.06      0.16 ± 0.04      *F*~(1,\ 72)~ = 0.591; *p* = 0.445         ***F*~(2,\ 72)~ = 12.805; *p* \< 0.001**   *F*~(2,\ 72)~ = 1.289; *p* = 0.282
  Distance on open arms (m)                                        3.09 ± 0.51      2.79 ± 0.43      0.61 ± 0.19                     2.29 ± 0.47                  2.14 ± 0.41      1.23 ± 0.38      *F*~(1,\ 72)~ = 0.318; *p* = 0.575         ***F*~(2,\ 72)~ = 16.153; *p* \< 0.001**   *F*~(2,\ 72)~ = 1.840; *p* = 0.166
  Total distance (m)                                               11.45 ± 0.72     10.33 ± 0.72     7.99 ± 0.67                     9.70 ± 0.72                  8.93 ± 0.61      5.56 ± 0.66      ***F*~(1,\ 72)~ = 10.966; *p* = 0.001**    ***F*~(2,\ 72)~ = 16.104; *p* \< 0.001**   *F*~(2,\ 72)~ = 0.286; *p* = 0.752
  **DARK-LIGHT**                                                                                                                                                                                                                                                                          
  Entries to light compartment (\#)                                11.92 ± 1.78     10.57 ± 1.82     6.46 ± 0.96                     7.57 ± 1.11                  6.93 ± 1.17      2.83 ± 0.71      ***F*~(1,\ 72)~ = 12.824; *p* = 0.001**    ***F*~(2,\ 72)~ = 7.577; *p* = 0.001**     *F*~(2,\ 72)~ = 0.027; *p* = 0.974
  Time in light compartment (s)                                    77.18 ± 12.14    72.59 ± 11.56    32.32 ± 5.30                    58.25 ± 14.53                63.62 ± 17.18    19.26 ± 6.34     *F*~(1,\ 72)~ = 2.824; *p* = 0.097         ***F*~(2,\ 72)~ = 7.664; *p* = 0.001**     *F*~(2,\ 72)~ = 0.031; *p* = 0.970
  Latency to enter light compartment (s)                           45.85 ± 23.59    42.21 ± 22.30    73.23 ± 16.26                   94.34 ± 23.96                109.07 ± 27.13   202.23 ± 24.20   ***F*~(1,\ 72)~ = 17.076; *p* \< 0.001**   ***F*~(2,\ 72)~ = 7.156; *p* = 0.001**     *F*~(2,\ 72)~ = 0.202; *p* = 0.818
  **OPEN FIELD**                                                                                                                                                                                                                                                                          
  Total distance (m)                                               33.63 ± 1.66     35.43 ± 1.90     24.87 ± 1.72                    31.10 ± 2.10                 28.92 ± 1.50     20.60 ± 1.38     ***F*~(1,\ 72)~ = 9.815; *p* = 0.003**     ***F*~(2,\ 72)~ = 19.756; *p* \< 0.001**   *F*~(2,\ 72)~ = 0.677; *p* = 0.511
  Center entries (\#)                                              10.00 ± 1.21     10.00 ± 0.96     4.46 ± 0.87                     7.54 ± 1.31                  7.62 ± 1.30      3.33 ± 0.74      ***F*~(1,\ 72)~ = 4.979; *p* = 0.029**     ***F*~(2,\ 72)~ = 13.092; *p* \< 0.001**   *F*~(2,\ 72)~ = 0.230; *p* = 0.795
  Time in center (s)                                               16.15 ± 2.71     16.97 ± 2.38     7.39 ± 1.44                     11.12 ± 1.85                 13.13 ± 2.90     5.82 ± 1.27      *F*~(1,\ 72)~ = 3.856; *p* = 0.053         ***F*~(2,\ 72)~ = 10.900; *p* \< 0.001**   *F*~(2,\ 72)~ = 0.263; *p* = 0.769
  **FREE EXPLORATION**                                                                                                                                                                                                                                                                    
  Latency to enter arena (s)                                       129.22 ± 51.81   111.06 ± 21.76   351.83 ± 72.06                  161.25 ± 84.92               88.71 ± 21.66    251.31 ± 73.03   *F*~(1,\ 63)~ = 2.552; *p* = 0.115         ***F*~(2,\ 63)~ = 12.377; *p* \< 0.001**   *F*~(2,\ 63)~ = 0.063; *p* = 0.939
  Entries to arena (\#)                                            30.00 ± 3.39     33.08 ± 2.55     19.67 ± 2.33                    29.8 ± 4.11                  26.00 ± 2.04     21.27 ± 4.84     *F*~(1,\ 63)~ = 0.212; *p* = 0.647         ***F*~(2,\ 63)~ = 6.617; *p* = 0.002**     *F*~(2,\ 63)~ = 1.454; *p* = 0.241
  Total distance (m)                                               30.90 ± 4.19     27.74 ± 2.67     14.54 ± 2.90                    27.58 ± 5.05                 26.42 ± 3.26     16.72 ± 3.60     *F*~(1,\ 63)~ = 0.078; *p* = 0.781         ***F*~(2,\ 63)~ = 8.144; *p* = 0.001**     *F*~(2,\ 63)~ = 0.288; *p* = 0.751
  Time in arena (s)                                                313.34 ± 44.74   280.59 ± 22.47   149.72 ± 29.16                  277.29 ± 51.25               291.55 ± 37.76   175.89 ± 37.85   *F*~(1,\ 63)~ \< 0.001; *p* = 0.990        ***F*~(2,\ 63)~ = 7.919; *p* = 0.001**     *F*~(2,\ 63)~ = 0.363; *p* = 0.697

*Effects of environment, genotype and gene by environment interaction (G x E) on anxiety-like behavior and exploratory locomotion. Statistics: ANOVA, bold: p ≤ 0.05. EPM, DL, OF: AE +∕+ n = 13, AE +∕− n = 14, AE −∕− n = 13, BE +∕+ n = 13, BE +∕− n = 13, BE −∕− n = 12; FE: AE +∕+ n = 11, AE +∕− n = 13, AE −∕− n = 12, BE +∕+ n = 10, BE +∕− n = 12, BE −∕− n = 11*.

### Effects of 5-HTT genotype on anxiety-like and exploratory behavior

Genotype significantly affected both anxiety-like behavior and explorative locomotion in the EPM. 5-HTT −∕− mice showed fewer open arm entries, spent less time on the open arms and traveled a shorter distance on the apparatus than 5-HTT +∕+ and 5-HTT +∕+ animals \[relative open arm entries: *F*~(2,\ 72)~ = 6.143, *p* = 0.003, Tukey HSD: 5-HTT +∕+ vs. 5-HTT −∕−: *p* = 0.006, 5-HTT +∕− vs. 5-HTT −∕−: p = 0.010; relative time on open arms: *F*~(2,\ 72)~ = 12.805, *p* \< 0.001, Tukey HSD: 5-HTT +∕+ vs. 5-HTT −∕−: *p* \< 0.001, 5-HTT +∕− vs. 5-HTT −∕−: *p* \< 0.001; total distance: *F*~(2,\ 72)~ = 16.104, *p* \< 0.001, Tukey HSD: 5-HTT +∕+ vs. 5-HTT −∕−: *p* \< 0.001, 5-HTT +∕− vs. 5-HTT −∕−: *p* \< 0.001; Figure [4A](#F4){ref-type="fig"}, Table [2](#T2){ref-type="table"}\]. Similarly, a significant main effect of genotype on anxiety-like and exploratory behavior could be detected in the DL \[latency to enter lit compartment: *F*~(2,\ 72)~ = 7.156, *p* = 0.001; entries to lit compartment: *F*~(2,\ 72)~ = 7.577, *p* = 0.001; time in lit compartment: *F*~(2,\ 72)~ = 7.664, *p* = 0.001\]. 5-HTT −∕− mice showed significantly higher levels of anxiety-like behavior than 5-HTT +∕+ (Tukey HSD; number of entries: *p* = 0.001; time in lit compartment: *p* = 0.002, latency: *p* = 0.004) and 5-HTT +∕− mice (Tukey HSD; number of entries: *p* = 0.016; time in lit compartment: *p* = 0.006, latency: *p* = 0.007; Figure [4B](#F4){ref-type="fig"}). Genotype significantly affected behavior in the OF. Genotypes differed in the number of center entries \[*F*~(2,\ 72)~ = 13.092, *p* \< 0.001\] and time spent in the center \[*F*~(2,\ 72)~ = 10.900, *p* \< 0.001\]: 5-HTT −∕− mice entered the center fewer times and spent less time in it than 5-HTT +∕+ (Tukey HSD; entries: *p* \< 0.001, time: *p* \< 0.001) and 5-HTT +∕− animals (Tukey HSD; entries: *p* \< 0.001, time: *p* \< 0.001). Additionally, total distance traveled was affected by genotype \[*F*~(2,\ 72)~ = 19.756, *p* \< 0.001\]. 5-HTT −∕− mice traveled less than 5-HTT +∕+ (Tukey HSD; *p* \< 0.001) and 5-HTT +∕− mice (Tukey HSD; *p* \< 0.001; Figure [4C](#F4){ref-type="fig"}). In contrast to the effect of experience, genotype significantly influenced anxiety-like and exploratory behavior in the FE \[latency to enter arena: *F*~(2,\ 63)~ = 12.377, *p* \< 0.001; number of entries: *F*~(2,\ 63)~ = 6.617, *p* = 0.002; time in arena: *F*~(2,\ 63)~ = 7.919, *p* = 0.001; path length: *F*~(2,\ 63)~ = 8.144, *p* = 0.001) with 5-HTT −∕− mice having a longer latency to enter the arena (5-HTT −∕− vs. 5-HTT +∕+: *p* \< 0.001 and 5-HTT −∕− vs. 5-HTT +∕−: *p* \< 0.001 (Tukey HSD)\], entering the arena less often \[5-HTT −∕− vs. 5-HTT +∕+: *p* = 0.007 and 5-HTT −∕− vs. 5-HTT +∕−: *p* = 0.005 (Tukey HSD)\], spending less time in the arena \[5-HTT −∕− vs. 5-HTT +∕+: *p* = 0.002 and 5-HTT −∕− vs. 5-HTT +∕−: *p* = 0.003 (Tukey HSD)\] and traveling a shorter distance \[5-HTT −∕− vs. 5-HTT +∕+: *p* = 0.001 and 5-HTT −∕− vs. 5-HTT +∕−: *p* = 0.005 (Tukey HSD)\] compared to 5-HTT +∕+ and 5-HTT +∕− mice (Figure [4D](#F4){ref-type="fig"}).

No interaction between social experience and genotype were detected for anxiety-like behavior (Table [2](#T2){ref-type="table"}).

Effects of social experience and genotype on agonistic behavior
---------------------------------------------------------------

The Resident Intruder test took place in the home cage of the focal animal. In the beginning of the encounter, the animals mainly showed social interest behaviors like approaching or sniffing or the animals didn\'t interact with each other. On average after 5 min, agonistic interactions started, however, social interest behavior was still observed.

### Effects of social experience on agonistic behavior

Agonistic behavior was strongly influenced by social experience: Attack latency was significantly different between different social experiences (*U* = 483.0, *df* = 1, *p* = 0.019). AE mice had a shorter attack latency than BE mice (Figure [5A](#F5){ref-type="fig"}). Moreover, AE animals showed a significantly higher rate of attack (Figure [5B](#F5){ref-type="fig"}) and sustained attack (attack: *U* = 434.0, *df* = 1, *p* = 0.004; sustained attack: *U* = 472.5, *df* = 1, *p* = 0.01). Moreover, AE mice showed a trend toward more escalated fighting than BE (*U* = 557.5, *p* = 0.084). On the other hand, chasing was not influenced by social experience (*U* = 599.0, *df* = 1, *p* = 0.231; Table [3](#T3){ref-type="table"}). Concerning effects of experience on social interest behavior animals that experienced adverse conditions showed less anogenital sniffing (*U* = 199.5, *df* = 1, *p* \< 0.001; Figure [6](#F6){ref-type="fig"}) and less following behavior than BE animals (*U* = 307.5, *df* = 1, *p* \< 0.001). Social experience did not influence nasonasal sniffing (*U* = 643.0, *df* = 1, *p* = 0.528) and the frequency at which the focal animal approached (*U* = 568.5, *df* = 1, *p* = 0.155), was approached (*U* = 581.0, *df* = 1, *p* = 0.196) or was followed (*U* = 611.5, *df* = 1, *p* = 0.298; Table [3](#T3){ref-type="table"}).

![**Agonistic behavior in the RI test of male heterozygous (+∕−) and homozygous 5-HTT knockout (−∕−) mice and their wildtype counterparts (+∕+) that experienced either an adverse or beneficial environment during adolescence. (A)** attack latency in seconds; **(B)** number of attacks. Values are presented as box plots with medians, 25--75% quartiles and 10--90% ranges. Effect of social experience: ^\#^*p* ≤ 0.05, ^\#\#^*p* ≤ 0.01; effect of genotype ^\*^*p* ≤ 0.05, ^\*\*\*^*p* ≤ 0.001; AE +∕+ n = 13, AE +∕− n = 13, AE −/− n = 12, BE +∕+ n = 12, BE +∕− n = 13, BE −/− n = 12.](fnbeh-10-00097-g0005){#F5}

###### 

**Medians with 25--75 % quartiles of social interest and agonistic behavior during the RI test of male heterozygous (+∕−) and homozygous (−∕−) 5-HTT knockout mice and their wildtype counterparts (+∕+) that experienced either an adverse (AE) or beneficial (BE) environment during adolescence**.

  **Resident intruder test**     **AE**                   **BE**                    **Effect of environment (E)**   **Effect of genotype (G)**                                                                                                  
  ------------------------------ ------------------------ ------------------------- ------------------------------- ---------------------------- ------------------------- ------------------------- ------------------------------------------ --------------------------------------------
  **SOCIAL INTEREST BEHAVIOR**                                                                                                                                                                                                                  
  Anogenital sniffing (s)        12.20 (2.20; 19.55)      13.50 (6.30; 31.70)       9.75 (1.50; 23.98)              52.35 (24.33; 83.55)         39.60 (29.65; 64.05)      59.20 (27.53; 94.3)       ***U* = 199.50; *df* = 1; *p* \< 0.001**   *X*^2^ = 0.099; *df* = 2: *p* = 0.952
  Nasal sniffing (s)             17.00 (9.50; 41.00)      20.00 (13.50; 29.00)      17.50 (9.75; 27.25)             16.00 (13.25; 22.00)         14.00 (12.00; 27.00)      27.50 (20.75; 35.5)       *U* = 643.0; *df* = 1; *p* = 0.528         *X*^2^ = 1.225; *df* = 2; *p* = 0.542
  Following (s)                  1.00 (0.00; 4.00)        2.00 (0.50; 6.00)         0.00 (0.00; 2.75)               4.00 (1.50; 8.75)            5.00 (2.00; 6.50)         11.50 (7.25; 20.00)       ***U* = 307.5; *df* = 1; *p* \< 0.001**    *X*^2^ = 0.593; *df* = 2; *p* = 0.744
  Being followed (s)             0.00 (0.00; 6.00)        0.00 (0.00; 19.50)        0.00 (0.00; 1.75)               0.00 (0.00; 0.75)            1.00 (0.00; 8.50)         5.00 (1.25; 14.50)        *U* = 611.5; *df* = 1; *p* = 0.298         *X*^2^ = 3.435; *df* = 2; *p* = 0.180
  Approaching (\#)               23.00 (17.00; 25.50)     21.00 (19.50; 31.50)      17.50 (13.75; 21.50)            19.50 (17.00; 28.25)         20.00 (14.50; 23.50)      16.00 (13.25; 20.75)      *U* = 568.5; *df* = 1; *p* = 0.199         ***X*^2^ = 6.949; *df* = 2; *p* = 0.031**
  Being approached (\#)          4.00 (2.50; 7.50)        5.00 (2.50; 9.00)         5.00 (2.00; 10.00)              1.50 (1.00; 4.00)            4.00 (1.00; 9.50)         4.50 (3.00; 8.00)         *U* = 581.0; *df* = 1; *p* = 0.196         *X*^2^ = 2.546; *df* = 2; *p* = 0.280
  **AGONISTIC BEHAVIOR**                                                                                                                                                                                                                        
  Attack latency (s)             126.30 (82.45; 266.70)   186.60 (109.35; 425.70)   347.75 (314.73; 469.43)         295.35 (207.25; 388.35)      231.70 (139.45; 520.80)   553.55 (371.65; 600.00)   ***U* = 483.0; *df* = 1; *p* = 0.019**     ***X*^2^ = 14.335; *df* = 2; *p* = 0.001**
  Attacking (\#)                 18.00 (8.50; 32.50)      17:00 (2.50; 28.50)       10.00 (3.00; 22.25)             11.00 (5.25; 22.00)          4.00 (1.00; 19.50)        1.00 (0.00; 6.50)         ***U* = 434.5; *df* = 1; *p* = 0.004**     ***X*^2^ = 7.354; *df* = 2; *p* = 0.025**
  Sustained attack (\#)          7.00 (1.50; 10.50)       1.00 (0.00; 6.50)         2.50 (0.00; 7.25)               2.00 (0.00; 9.00)            0.00 (0.00; 7.00)         0.00 (0.00; 0.00)         ***U* = 472.5; *df* = 1; *p* = 0.010**     ***X*^2^ = 6.632; *df* = 2; *p* = 0.036**
  Escalated fighting (\#)        2.00 (0.00; 4.50)        0.00 (0.00; 3.00)         0.00 (0.00; 1.00)               0.00 (0.00; 2.00)            0.00 (0.00; 1.50)         0.00 (0.00; 0.00)         *U* = 557.5; *df* = 1; *p* = 0.084         *X*^2^ = 5.257; *df* = 2; *p* = 0.071
  Chasing (s)                    0.50 (0.00; 4.45)        0.60 (0.00; 3.35)         0.00 (0.00; 2.53)               0.40 (0.00; 2.15)            0.00 (0.00; 3.10)         0.00 (0.00; 0.00)         *U* = 599.0; *df* = 1; *p* = 0.231         *X*^2^ = 5.251; *df* = 2; *p* = 0.072

*Effects of experience (E) and genotype (G) on aggressive and social interest behavior. Statistics: Mann-Whitney U Test for effects of environment and Kruskal-Wallis Test for genotype effects; bold: p ≤ 0.05; AE +∕+ n = 13, AE +∕− n = 13, AE −∕− n = 12, BE +∕+ n = 12, BE +∕− n = 13, BE −∕− n = 12*.

![**Duration of anogenital sniffing (in seconds) in the RI test of male heterozygous (+∕−) and homozygous 5-HTT knockout (−∕−) mice and their wildtype counterparts (+∕+) that experienced either an adverse or beneficial environment during adolescence**. Values are presented as box plots with medians, 25--75% quartiles and 10--90% ranges. Effect of social experience: ^\#\#\#^*p* ≤ 0.001. AE +∕+ n = 13, AE +∕− n = 13, AE −∕− n = 12, BE +∕+ n = 12, BE +∕− n = 13, BE −∕− n = 12.](fnbeh-10-00097-g0006){#F6}

### Effects of 5-HTT genotype on agonistic behavior

Agonistic behavior was affected by genotype as well. Attack latency time was significantly different between genotypes (*X*^2^ = 14.335, *df* = 2, *p* = 0.001; Figure [5A](#F5){ref-type="fig"}). Pairwise comparison revealed that 5-HTT −∕− knockout mice had significantly longer latencies than the other two genotypes (5-HTT −∕− vs. 5-HTT +∕+: *p* = 0.002, 5-HTT −∕− vs. 5-HTT +∕−: *p* = 0.004, Bonferroni corrected). Moreover, genotype significantly affected number of attack (*X*^2^ = 7.354, *df* = 2, *p* = 0.025) and sustained attack (*X*^2^ = 6.632, *df* = 2, *p* = 0.036). Pairwise comparison identified significantly fewer attacks and sustained attacks performed by 5-HTT −∕− mice than 5-HTT +∕+ mice (Attack: 5-HTT −∕− vs. 5-HTT +∕+: *p* = 0.007, sustained attack: 5-HTT −∕− vs. 5-HTT +∕+: *p* = 0.012, Bonferroni corrected; Figure [5B](#F5){ref-type="fig"}). 5-HTT +∕− animals did not differ significantly from either 5-HTT +∕+ or 5-HTT −∕− individuals (Attack: 5-HTT +∕− vs. 5-HTT +∕+: *p* = 0.262, 5-HTT +∕− vs. 5-HTT −∕−: *p* = 0.106; sustained attack: 5-HTT +∕− vs. 5-HTT +∕+: *p* = 0.160, 5-HTT +/- vs. 5-HTT −∕−: *p* = 0.185). Additionally, there was a trend for a difference in escalated fighting between genotypes (*X*^2^ = 5.257, *df* = 2, *p* = 0.071) and chasing behavior (*X*^2^ = 5.251, *df* = 2, *p* = 0.072). Genotype significantly influenced approach behavior (*X*^2^ = 6.949, *df* = 2, *p* = 0.031). However, following Bonferroni correction no significant differences between the genotypes could be detected. The other social interest behaviors were not significantly influenced by genotype (Table [3](#T3){ref-type="table"}).

Effects of social experience and genotype on endocrinological parameters
------------------------------------------------------------------------

Ten minutes after the resident intruder test AE animals showed higher levels of plasma corticosterone \[*F*~(1,\ 72)~ = 6.99; *p* = 0.010; Table [4](#T4){ref-type="table"}\]. Plasma testosterone levels were not significantly affected by social experience (*U* = 718.0; *df* = 1; *p* = 0.680; Table [4](#T4){ref-type="table"}). Concerning adrenal tyrosine hydroxylase activity, AE animals showed a trend toward higher activity compared to BE mice \[*F*~(1,\ 71)~ = 3.803; *p* = 0.055; Table [4](#T4){ref-type="table"}\]. Neither plasma corticosterone levels, nor plasma testosterone levels, nor tyrosine hydroxylase activity were affected by genotype \[corticosterone: *F*~(2,\ 72)~ = 0.520; *p* = 0.597; testosterone: *X*^2^ = 0.319; *df* = 2; *p* = 0.853; TH: *F*~(2,\ 71)~ = 0.165; *p* = 0.848; Table [4](#T4){ref-type="table"}\]. No interaction between social experience and genotype was detected for plasma corticosterone levels and tyrosine hydroxylase activity \[corticosterone: *F*~(2,\ 72)~ = 1.415; *p* = 0.250; TH: *F*~(2,\ 71)~ = 0.121; *p* = 0.886; Table [4](#T4){ref-type="table"}\].

###### 

**Group means ± SEM of plasma corticosterone concentrations and tyrosine hydroxylase activities and medians with 25--75 % quartiles of plasma testosterone concentrations of male heterozygous (+∕−) and homozygous (−∕−) 5-HTT knockout mice and their wildtype counterparts (+∕+) that experienced either an adverse (AE) or beneficial (BE) environment during adolescence**.

  **Endocrinological parameters**         **AE**              **BE**              **Effect of environment (E)**   **Effect of genotype (G)**   **G × E**                                                                                                                
  --------------------------------------- ------------------- ------------------- ------------------------------- ---------------------------- ------------------- ------------------- ---------------------------------------- --------------------------------------- ------------------------------------
  Plasma corticosterone (ng/ml)           145.72 ± 13.33      121.48 ± 11.18      124.59 ± 10.27                  101.25 ± 14.58               116.10 ± 11.45      98.35 ± 7.98        ***F*~(1,\ 72)~ = 6.990; *p* = 0.010**   *F*~(2,\ 72)~ = 0.520; *p* = 0.597      *F*~(2,\ 72)~ = 1.415; *p* = 0.250
  Tyrosine hydroxylase (nmol/h/adrenal)   1.76 ± 0.25         1.85 ± 0.16         1.91 ± 0.19                     1.57 ± 0.14                  1.49 ± 0.15         1.61 ± 0.15         *F*~(1,\ 71)~ = 3.803; p = 0.055         *F*~(2,\ 71)~ = 0.165; p = 0.848        *F*~(2,\ 71)~ = 0.121; *p* = 0.886
  Plasma testosterone (ng/ml)             0.43 (0.15; 5.42)   0.59 (0.23; 8.62)   0.79 (0.16; 4.95)               0.75 (0.26; 11.47)           0.34 (0.20; 3.23)   1.21 (0.33; 6.88)   *U* = 718.0; *df* = 1; *p* = 0.680)      *X*^2^ = 0.319; *df* = 2; *p* = 0.853   --

*Effects of experience (E) and genotype (G) on aggressive and social interest behavior. Statistics: plasma corticosterone and tyrosine hydroxylase activity: ANOVA; plasma testosterone: Mann-Whitney U Test for effects of environment and Kruskal-Wallis Test for genotype effects; bold: p ≤ 0.05; plasma corticosterone and testosterone AE +∕+ n = 13, AE +∕− n = 14, AE −∕− n = 13, BE +∕+ n = 13, BE +∕− n = 13, BE −∕− n = 12; tyrosine hydroxylase: AE +∕+ n = 13, AE +∕− n = 14, AE −∕− n = 12, BE +∕+ n = 13, BE +∕− n = 13, BE −∕− n = 12. Due to non-parametric testing, no gene by environment interaction can be given for plasma testosterone concentrations*.

Discussion {#s4}
==========

In the present study we investigated how different social experiences during adolescence together with varying levels of the 5-HTT gene affect anxiety-like and aggressive behavior in male mice. Remarkably, animals that experienced social adversity exhibited lower levels of anxiety-like behavior compared to individuals that lived in constant beneficial conditions, namely cohabitation with a female partner. Moreover, experiencing adversity during adolescence also led to increased aggressiveness toward a docile intruder. Irrespective of social experience, animals lacking the 5-HTT were more anxious and less aggressive than their heterozygous knockout or wildtype counterparts.

Social experience during adolescence affects anxiety-like and exploratory behavior
----------------------------------------------------------------------------------

Mice that experienced social adversity during adolescence showed lower levels of anxiety-like behavior as measured by the latency to enter and the time spent in the light compartment during the DL and the time spent in the center of the OF. Moreover, they showed higher levels of exploratory behavior compared to animals that experienced beneficial conditions. This increase could be found in the total distance the animals covered in the EPM and OF and the number of entries to the lit compartment of the DL. It seems surprising that adverse experiences lead to lower levels of anxiety-like behavior than beneficial experiences as these findings contradict other studies that show that adversity itself has anxiogenic effects in rodents (Buwalda et al., [@B11]). Already a single defeat can increase anxiety-like behavior of rats (Meerlo et al., [@B70]; Ruis et al., [@B79]). Moreover, also repeated or chronic adversity has been found to increase anxiety-like behavior in a variety of tests and paradigms in adult as well as adolescent rodents (e.g., Kinsey et al., [@B54]; Jansen et al., [@B47]; Jung et al., [@B48]; Chaby et al., [@B20]).

One might argue that the adverse experiences in the present study were not sufficient to induce anxiety-like behavior. However, animals that experienced escapable social adversity showed a decreased body weight gain, a clear indicator that the environment was experienced as stressful (Tamashiro et al., [@B89], [@B88]; Rygula et al., [@B80]; Iñiguez et al., [@B44]). Moreover, it could already be shown that the encounter with a dominant conspecific in the custom-made cage system that is also used in the present study, leads to significantly increased levels of fecal corticosterone metabolites (Bodden et al., [@B9]), another indicator for the adversity of the environment. Thus, the results in the present study might rather be explained by the kind of adversity the animals experienced. The main difference to the previously mentioned studies is the "escapability" of the stressor. In the present study the animals could terminate the aversive stimulus by escaping to a refuge cage. It is well known that unescapable or uncontrollable stressors elicit anxiety-like behavior while controllable stressors do not (Korte et al., [@B59]; Korte and De Boer, [@B58]; Koolhaas et al., [@B57]). In accordance with our findings, predictable chronic mild restraint stress decreases anxiety-like behavior in adult (Parihar et al., [@B74]) and adolescent rats (Suo et al., [@B87]). Similarly, Kubala and colleagues showed that adolescent rats experiencing escapable tailshocks exhibit higher levels of social exploration compared to rats encountering inescapable tailshocks and control animals (Kubala et al., [@B60]). Therefore, the nature of the adversity seems to be of major importance in shaping the state anxiety of an animal.

In a previous study using a similar design to ours, it was found that animals that experienced escapable adversity during adulthood showed profoundly reduced levels of anxiety-like behavior (Bodden et al., [@B9]) However, this was only the case if they had previously experienced mating opportunities (beneficial conditions). If the animals had encountered loser experiences (adverse conditions) their anxiety-like behavior was not reduced after escapable adversity. Counterintuitively, levels were in fact as high as those of animals that experienced only beneficial environments throughout the experiment (Bodden et al., [@B9]). Thus, animals that experienced beneficial conditions and afterwards had to cope with challenge showed a marked reduction in anxiety-like behavior. Similar to this study, animals of the present study were confronted with escapable social adversity but this time during the phase of adolescence. Previous to this experience, animals lived with their parents and siblings and after weaning in brother groups. In addition to this social enrichment, the animals were also provided with structural enrichment; overall good housing conditions for laboratory mice (Palanza et al., [@B73]; Bartolomucci et al., [@B5]; Marashi et al., [@B66], [@B67]). Therefore, prior to experiencing escapable social adversity they did not experience any adversity. Again, escapable social adversity significantly reduced anxiety-like behavior compared to beneficial conditions. It thus seems that rather than a particular experience, the timing and sequence of adverse and beneficial events is of significant importance for shaping anxiety-like behavior.

Whereas social experience during adolescence did influence state anxiety, it did not affect trait anxiety. State anxiety is the anxiety an individual experiences at a certain moment and is augmented by threatening stimuli while trait anxiety is the general tendency of an individual to display anxious behavior (Lister, [@B65]; Griebel et al., [@B30]). In the FE, the animal can freely choose if it wants to explore a new environment or stay in the safety of its home cage. The test has been pharmacologically validated (Belzung and Berton, [@B6]) and is thus thought to be suitable for depicting trait anxiety in mice (Griebel et al., [@B30]). The present results indicate that trait anxiety is mainly influenced by genetic components (e.g., 5-HTT genotype) and is not significantly altered by experiences of an individual during adolescence. While it has been shown that trait anxiety can be altered by early experience (Kloke et al., [@B55]), it could be speculated that the phase of adolescence is already too far into the development of an individual to fundamentally change trait anxiety. Interestingly, the effects of social environment were more or less the same for all three genotypes. Currently, we have no good explanation for this missing interaction between experience and genotype.

5-HTT genotype affects anxiety-like and exploratory behavior
------------------------------------------------------------

Furthermore, as expected, we found consistent genotype effects in the EPM, DL, OF, and FE. Homozygous 5-HTT knockout mice showed increased levels of state as well as trait anxiety and a decrease in exploratory behavior compared to their heterozygous and wildtype counterparts. These results are fully in line with previous studies that found differences in state anxiety (e.g., Holmes et al., [@B39]; Kalueff et al., [@B50]; Jansen et al., [@B47]; Heiming et al., [@B34]; Kloke et al., [@B55]) and trait anxiety (e.g., Kloke et al., [@B55]) in mice varying in 5-HTT genotype. It has been suggested that low levels of 5-HTT during development lead to modulations of brain systems involved in emotion and stress regulation which in turn might explain the increased levels of anxiety-like behavior in homozygous 5-HTT knockout mice (Ansorge et al., [@B2]).

Social experience during adolescence affects aggressive behavior
----------------------------------------------------------------

Aggressive behaviors---represented by a short attack latency, a high number of attacks and sustained attacks---were augmented after the experience of escapable social adversity. Moreover, animals that experienced escapable social adversity showed lower levels of social interest behavior as measured by anogenital sniffing and following of the docile intruder compared to animals that experienced beneficial conditions.

The increase in aggression of animals that experienced escapable social adversity is in one way surprising, as repeated loser experiences are associated with a downregulation of aggressiveness (Hsu et al., [@B43]; Kloke et al., [@B56]). On the other hand, the present findings are in line with several studies showing an increase in aggressive behavior following social adversity (e.g., Veenema et al., [@B91]; Márquez et al., [@B68]; Cumming et al., [@B24]). Alternatively, methodological considerations might explain the obtained results: to induce territoriality, mice from both groups/conditions were housed individually for one week before the Resident Intruder test. This means, the animals experienced two different situations. Animals that previously experienced escapable social adversity no longer underwent this subordination. Animals that experienced a beneficial environment lost their female partner. Therefore, it might not be the experienced environment during adolescence but rather the distinct perception of the individual housing that led to the differences in aggressive behavior. In any case, the social experience during adolescence affected the three genotypes in a comparable manner. Again, no interaction of experience and genotype could be detected.

Concerning endocrinological parameters, higher levels of aggressive behavior during the Resident Intruder test of animals that experienced escapable social adversity was accompanied by increased levels of plasma corticosterone levels and a trend for heightened adrenal tyrosine hydroxylase activity. This indicates an increased activation of the hypothalamic-pituitary axis and the sympatho-adrenomedullary system, respectively. This relationship between hormones and behavior is well established (e.g., Ely and Henry, [@B25]; Sachser and Lick, [@B83]; Sachser et al., [@B84]; Jansen et al., [@B46]; Pérez-Tejada et al., [@B75]).

Effect of 5-HTT genotype on aggressive behavior
-----------------------------------------------

Social interest behavior was not majorly influenced by 5-HTT genotype. Only approach behavior was significantly affected in such a way that homozygous 5-HTT knockout mice approached the intruder less often than heterozygous 5-HTT knockout and wildtype mice. This is in line with previous studies (Holmes et al., [@B38]; Kloke et al., [@B56]). Contrary, agonistic behavior was strongly influenced by 5-HTT genotype. Homozygous 5-HTT knockout mice had a significantly longer attack latency time than both heterozygous knockout and wildtype mice. Moreover, wildtype mice displayed a higher number of attacks and sustained attacks than homozygous knockout mice. Furthermore a trend toward a difference in escalated fighting and chasing was detected. Of the three genotypes, homozygous knockout mice showed the lowest amount of these behaviors. These findings are in line with the notion that homozygous 5-HTT knockout mice show little agonistic behavior (Holmes et al., [@B38]; Lewejohann et al., [@B63]; Jansen et al., [@B46]; Heiming et al., [@B35]; but see Kloke et al., [@B56]). The serotonergic system plays a vital role in the regulation of aggressive behavior. High levels of aggression and violence are associated with low levels of serotonin metabolite levels in the cerebrospinal fluid in humans (Brown and Linnoila, [@B10]; Linnoila and Virkkunen, [@B64]; Berman et al., [@B8]; Coccaro et al., [@B21],[@B22]) and animals (Caramaschi et al., [@B15]; Audero et al., [@B4]). In the same direction, increased levels of central 5-HT decreases aggression (Gibbons et al., [@B29]). The serotonin transporter is a key regulator of 5-HT neurotransmission as it takes 5-HT back up from the extracellular space. It was shown that homozygous 5-HTT knockout mice (Mathews et al., [@B69]) and rats (Homberg et al., [@B40]) which lack the transporter, have increased levels of 5-HT in the extracellular space. This might account for a decrease in aggressive behavior compared to wildtype and heterozygous knockout mice. One might speculate about the link between aggressive and anxiety-like behavior. In the literature there are some indications that anxiety-induced aggressiveness exists (Prior et al., [@B76]). In our study however, this seems unlikely since high anxiety in homozygous 5-HTT knockout mice coincides with low aggressiveness, also supporting recent findings (Jansen et al., [@B46]). Whether there was a causal relationship between anxiety and aggressiveness cannot be concluded on the basis of our data.

Conclusion
----------

The present study clearly shows that adolescence is a phase where anxiety and aggressiveness can be shaped profoundly by social experiences. Notably, not the experience of throughout beneficial social conditions during adolescence but rather being used and able to cope with challenge results in lower levels of anxiety-like behavior. Taken together, these data suggests that the sequence and timing of beneficial and adverse experiences are crucial for the shaping of the anxious and aggressive behavioral profile.
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